We present a novel framework within the conformal inverse seesaw scheme allowing large lepton number violation while the neutrino mass formula is still governed by the low-scale inverse seesaw mechanism. This model includes new contributions to rare low-energy lepton number violating processes like neutrinoless double beta decay. We find that the lifetime for this rare process due to heavy sterile neutrinos can saturate current experimental limits. The characteristic collider signature of the present conformal inverse seesaw scheme includes, same-sign dilepton plus two jets and same-sign dilepton plus four jets. Finally, we comment on the testability of the model at the Large Hadron Collider since there are new scalars, new fermions and an extra neutral gauge boson with masses around few 100 GeV to few TeV.
Introduction
The long standing problem of the sensitivity of the Higgs mass to an ultra-violet embedding has motivated many extensions of the Standard Model (SM) at energies close to the ElectroWeak (EW) scale. However, the first run of the Large Hadron Collider (LHC) did not find new physics which motivates extensions of the SM without explicit scale. Such extensions would manifest themselves at the colliders in a more indirect way and would for now look exactly like the SM.
The hierarchy problem of the Higgs potential can be formulated as an apparent quadratic dependence of observables on an underlying microscopic i.e. ultra-violet theory technically addressed as a cut-off dependence. However, it is known that systems close to a critical point and undergoing a phase transition can be described independently of the underlying microphysics [1] . The essential concept is self-similarity which can arise in form of scale invariance.
This led to ideas that describe the EW transition in conformal theories where the non-linear realization of the symmetry results in the appearance of scales. It implies that there are no fundamental mass scales a priori in the theory and that consequently all scales we observe emerge dynamically as an effect of quantum interactions. Models of this type have been studied in . Mathematically, this behaviour is captured by the Coleman-Weinberg mechanism [2] . Since the top quark contribution to the β-function of the Higgs quartic coupling is large in the SM, it turns out that, in order to have Radiative Spontaneous Symmetry Breaking, the particle content of the SM has to be enlarged such that bosonic degrees of freedom become dominant. We will refer to the spectrum of newly added particles as the Hidden Sector.
In this context it is interesting to discuss SM symmetries in these models. The particle content of the SM is such that lepton and baryon numbers separately and their linear combination B − L are global symmetries. But following fundamental arguments nature should not possess unbroken global symmetries [41] . This would imply that the B − L symmetry is either explicitly broken at a higher scale or that it is gauged.
The most popular way of explicit lepton number violation (LNV) is to introduce SM singlet fermions ν R with lepton number one and a mass term M RνR ν c R . As a consequence the B − L symmetry becomes anomaly-free so that it can be gauged, which is another argument in favour of this extension. In the conformal framework, however, explicit mass terms are forbidden. Then the question arises how to properly embed LNV in a conformal model. In a previous work [42] we demonstrated how explicit LNV is possible in a conformal model just by interaction terms in the Lagrangian. We found that an extension of the SM gauge group by a U (1) X local symmetry can lead in this set-up to an inverse seesaw scenario with additional keVscale Dark Matter. Furthermore, the LNV processes are strongly suppressed in all low-energy observables. In particular there is no neutrinoless double beta decay (0νββ) contribution of the new physics.
In this work we follow an alternative approach and show that it is possible to break the lepton number spontaneously in the conformal inverse seesaw (CISS). In this scenario the additional local symmetry U (1) X is identified with U (1) B−L . Since the new gauge symmetry does not only operate on the Hidden Sector, but also on SM particles we need to cancel the anomaly contributions from the SM particles as well. This fixes in the case of B − L symmetry the number of SM singlet fermions with B − L = −1 to three. The additional fermions have to be organised in pairs vector-like under B − L.
We demonstrate in this work that LNV processes are not suppressed, unlike in the usual inverse seesaw. At the same time the Dark Matter (DM) phenomenology and the neutrino mass mechanism with sizable active-sterile mixing are preserved as analysed in [42] . There, the lepton number was explicitly broken but the 0νββ signal was systematically cancelled by pseudo-Dirac contributions. In the present set-up, however, 0νββ occurs, even though lepton number is not explicitly broken. It is an impressive fact that the non-linear realization of conformal symmetry forces us to introduce a model with a scalar condensate which is close to the TeV scale, as it is dynamically linked to the EW scale. Therefore, the new physical degrees of freedom are expected to be accessible at the LHC.
The paper is organised in the following way. In Sec. 2 we discuss how to attain large LNV in the conformal inverse seesaw model. In Sec. 3 we analyse the lepton number violating processes expected in this model and the possibility to distinguish the presented scenario from the CISS with suppressed LNV at the LHC. We summarize our results and conclude in Sec. 4.
Framework for large lepton number violation in the conformal inverse seesaw
It is clear that the SM needs to be extended in order to explain massive neutrinos. From a theoretical point of view the most obvious way to do so is to introduce new species of neutrinos that can account for mass terms in the Lagrangian of the theory. At the same time neutrino masses have to be tiny compared to the other fermion masses. A popular method to address this issue is the so-called seesaw mechanism that has extensively been studied in various modifications. The canonical (or type-I) seesaw [43, 44] leads to neutrino masses suppressed by a heavy mass scale of the order of 10 10 GeV or above, which perfectly can be embedded in e.g. a grand unified theory (GUT). However, such a high mass scale is far beyond reach of particle colliders -be it existing colliders (LHC) or future colliders. This has led scientists to search for possibilities of a low-scale seesaw mechanism. One possibility to realize this is the inverse seesaw mechanism [45, 46] . It is characterized by a low lepton number violating mass scale µ and a heavy mass scale M that can be of order 1 TeV, well within reach of the LHC. The inverse seesaw mechanism leads to neutrino masses ∼ (m D /M ) 2 µ, where m D denotes a Dirac mass proportional to the Electro-Weak scale. After this short motivation we can turn our attention to the realization of the aspects just alluded to.
The model
The model discussed in this work is based on the conformal inverse seesaw (CISS) described in our previous work [42, 47] . In extension we augment the model by a Majorana mass term for the right-handed neutrinos ν R . In a conformal theory only dimensionless coupling constants are allowed. This means that an explicit mass term for fermions is forbidden, or -put the other way around -any fermion mass term present in the Lagrangian has to descend from a Yukawa interaction of the fermion with a scalar field.
To realize the inverse seesaw pattern we add three right-handed neutrinos ν R and two different neutrino species N L and N R to the SM. Note that the model is built in a way that it is symmetric under the exchange of N L with N c R and that both fields ought to have the same quantum numbers to guarantee anomaly cancellation in their sector.
It turns out that, in order to obtain exactly the mass terms that we want to keep, we need to extend the SM gauge group by a new symmetry group that is naturally identified with U (1) B−L . To understand this we first give the particle content of the model and the quantum numbers of the fields summarized in Table 1 and then discuss this particular choice of fields and quantum numbers.
(1, 0) 6 Table 1 : The particle content of the CISS with large lepton number violation. The third and forth columns show the representation of the fields under the Electro-Weak gauge group and, respectively, the quantum number under the new gauge group
From the particles listed in Table 1 we obtain the following invariant Lagrangian
where Z µ denotes the new gauge boson associated with U (1) B−L and F Z µν = ∂ µ Z ν − ∂ ν Z µ is its field strength tensor. Since N L and N R have to have the same quantum numbers to guarantee anomaly cancellation the bilinear combination of both fields (N L N R , N R N L ) is a singlet under the model's gauge group. Hence, to avoid such a mass term, we cannot admit a complete singlet scalar field. On the other hand a crucial point of the model is to have a mass term ν R ν c R for the right-handed neutrinos. Then, in the absence of a scalar singlet, as a consequence it is required that ν R is charged under some symmetry group. Finally the Yukawa coupling of the right-handed neutrinos to SM particles LHν R forces us to choose a symmetry group that can be reconciled with the SM. The most natural choice for this is to identify the new gauge group with U (1) B−L . Note that this identification has led us to introduce the same number of right-handed neutrinos as are present in the SM in order to cancel U (1) B−L anomalies.
Symmetry breaking
The Radiative Spontaneous Symmetry Breaking is similar to the case of the CISS discussed in [42] and leads to the hierarchical vacuum expectation value (vev) structure φ 4 ≈ φ 2 > H > φ 6 . The potential yields two vevs of the same order of magnitude, since we assume an exchange symmetry N L ↔ N c R and φ 2 ↔ φ 4 , as discussed in our previous paper. This symmetry leads to equal quartic couplings for the two scalars φ 2 and φ 4 .
The symmetry breaking by the vevs of the scalars naturally gives to masses for fermions and gauge bosons. The neutrino mass terms of the Lagrangian given in Eq. (1) can be summarized in the Majorana basis as
with the neutral lepton mass matrix and flavour basis given by
Remember that we assume that M R is the largest of all elements. Note that in this set-up both M R and M are proportional to φ 2 ≈ φ 4 . This means a hierarchy M R M between the mass terms must follow from a hierarchy in the Yukawa couplings, y R y. After spontaneous symmetry breaking, the vevs of the non-SM scalars give a mass to the extra neutral gauge boson Z . The SM Higgs vev generates mass terms for the other neutral gauge bosons B and W 3 . Neglecting the kinetic mixing among the U (1) gauge bosons the neutral gauge boson mass matrix in the basis (W
For the allowed vev hierarchy the physical mass of the Z is given by
Additionally, we obtain M Z = 1 2 H g 2 + g 2 for the Z boson mass and a massless photon A, as in the SM.
Masses and Mixing
In the following we will qualitatively discuss the mass eigenvalues and mixing obtained from the matrix structure shown in Eq. (3). We define the (complete) mixing matrix U via
where
. .) contains the physical neutrino masses. As indicated in Eq. (6) the diagonalization of M can be carried out in two steps, first a block diagonalization W and second the diagonalization V of the blocks obtained that way. Then we can bring M into block-diagonal form by transforming
The matrices m ν , m keV , m int and m heavy denote the active neutrino mass matrix and a keV scale, intermediate scale and heavy scale mass matrix, respectively. Assuming the hierarchy M R > M > m D > µ + , where we have defined µ + = µ 1 + µ 2 , they are proportional to
up to negligible corrections from the block-diagonalization. We find that the minimal configuration, where this mass pattern is stable, is a model with (3 + 3 + 2 + 2) eigenstates in the flavour basis ν. Examining the spectrum of mass scales in agreement with light neutrino masses we find that for M R in the few TeV scale we have intermediate scale Majorana neutrinos from a few GeV up to a few 100 GeV. In addition there is a state in the few keV range which is a perfect candidate for Dark Matter and could explain the recent observation of a 3.51 keV X-ray line [48] . The DM phenomenology is unaffected by the lepton number violating mass term. Thus the analysis presented in our previous work applies to this model, too. The correct DM relic abundance is assumed to be generated in a freeze-in process. For a more detailed discussion we refer to [49] . We point out that a slight modification of the model leads to a stable weakly interacting massive DM candidate. If there is no φ 4 scalar with the B − L quantum number 4 in the theory, B − L breaks to a remnant Z 2 symmetry. This symmetry is the reason why one of the fermions with the mass of the order of the φ 6 vev remains stable. This particle is produced in s-channel interactions with the Z gauge boson and can account for the correct DM relic abundance after a freeze-in. This change does not affect the phenomenology of the LNV and we will thus postpone a detailed analysis.
To discuss the mixing pattern let us define the following hierarchy parameters
Considering the same mass hierarchy as above M R > M > m D > µ + the block-diagonalization can be put in the approximate form
Note that the elements of W have the same order of magnitude as the elements of the mixing
The mixing matrix connects the flavour with the mass basis n ≡ (ν SM , ν keV , N int , N heavy )
Note that ν SM , ν keV denote relatively light neutrino states while N int , N heavy are relatively heavy. As a result of this new relation for ν α given in Eq. (11), the charged-current (CC) interaction Lagrangian in the lepton sector becomes
With the help of the CC interaction Lagrangian we are able to calculate the amplitudes for decays as well as for scattering processes.
Lepton number violation
To admit a heavy Majorana mass term for the right-handed neutrinos naturally leads to strong LNV. Such lepton number violating physics will manifest itself in new processes not present in the SM. In the following we discuss the major impact of the LNV obtained in our model specifically on 0νββ and same sign dilepton signatures at the LHC. 
Neutrinoless double beta decay
One possibility of observing LNV is the neutrinoless double beta decay (0νββ). It is the (hypothetical) simultaneous decay of two neutrons of the nucleus of an isotope (A, Z) into two protons and two electrons without the emission of any neutrinos,
The non-observation of such a decay can be interpreted as a lower limit on the halflife of the isotope under investigation. Physically the halflife can be expressed in terms of a phase-space factor G 0ν (A, Z) , a nuclear matrix element M 0ν (A, Z) and a dimensionless effective parameter η 0ν eff
The phase-space factor is responsible for the kinematics of the decay and highly energy dependent. The nuclear matrix element (NME) takes care of the transition of the nucleus into its daughter. Since it describes a multi-particle process this quantity constitutes the largest source of uncertainties in deriving particle physics constraints from the experimental bounds of the halflife. Finally the effective parameter contains the particle physics of the transition 2d → 2u + 2e − inside of the involved nucleons. From the particle physicist's point of view the observation of 0νββ would prove the existence of an (effective) LNV operator. The common explanation -called the standard mechanism -is that neutrinos are Majorana particles so that a process as shown in Figure 1 (left panel) is possible. In this case the effective parameter introduced in Eq. (14) is given by the ee element of the Majorana mass matrix normalized to the electron mass
Note, however, that the standard mechanism is not the only way to realize 0νββ. In principle any new physics that violates lepton number (effectively) by two units can lead to 0νββ. Additionally it is possible that not only one but several mechanisms give significant contributions to the amplitude of 0νββ and lead to interference phenomena. The process leading to 0νββ in our model is the same as the one shown in Figure 1 . The difference to the standard mechanism, however, is that we have additional contributions coming from the new neutrino states. In general one can distinguish between light (ν) and heavy (N ) neutrino exchange. Let us define the following dimensionless parameters for the exchanges
Note that these quantities are normalized to the electron mass, m e , and proton mass, m p , respectively. For the approximation in Eq. (16) we have taken into account that the mixing of the electron neutrino to the keV states is negligible [O(U 2 e keV ) ∼ 0, cf. Eq. (10)]. The light and heavy neutrino exchange in general have different NME's. We will denote them by M ν and M N , respectively (see Table 2 for the numerical values). 2 The halflife of 0νββ, Eq. (14) The numerical values of the phase-space factor and nuclear matrix elements taken from [50] . Note that the ranges for the nuclear matrix elements correspond to the extremal values given in the reference.
then is given by
Note that the typical momentum transfer for 0νββ is
From the right-hand side of Eq. (18) we see that we can in general expect interference effects between the light and heavy neutrino contributions. However, in the case where one contribution is dominant compared to the other, the interference between the different mechanisms can be neglected without loss of generality.
In Figure 2 we plot the effective Majorana mass and the corresponding halflife of 0νββ as a function of the mass of the lightest neutrino. The yellow dots are the prediction of a 0νββ signal coming from a dominant heavy neutrino contribution in the LNV CISS framework. They show that the current and future experimental limits on the halflife of 0νββ can well be saturated, if the LNV heavy contribution is strong enough. In Table 3 we list the current experimental limits on the halflife and the corresponding mass parameter for the isotopes 76 Ge and 136 Xe shown in Figure 2 . . Note that the seemingly more stringent constraints in the plot of the effective Majorana mass is a result of the uncertainty in the nuclear matrix elements. The limit on the sum of light neutrino masses from cosmological data (Planck 1 and 2) as well as the prospected reach of the KATRIN detector are represented by vertical lines and the respective shaded areas. The green and the red areas, respectively, show the 3σ oscillation data allowed ranges in a three-neutrino scheme for normal hierarchy (NH) and for inverted hierarchy (IH), respectively. The quasi-degenerate regime (QD), where NH and IH merge, is indicated.
Probing lepton number violation at colliders
The characteristic collider signature probing lepton number violation is the same-sign dilepton plus two jets signal ( ± ± + 2j) and the same-sign dilepton plus four jets signal ( ± ± + 4j), both without missing energy. In the left panel of Figure 3 we illustrate the Feynman diagram for the ( ± ± + 2j) signal while the right panel shows the diagram for the ( ± ± + 4j) mediated by Z decay.
The same-sign dilepton signal is primarily depending upon the large light-heavy neutrino mixing and the mass of the sterile neutrinos, but of course the production mechanism for these processes plays an important role, too. The dependence on the mass is most drastically seen in the different halflife of the heavy neutrino decay. For the ( ± ± + 2j) signal there are two distinct cases. If the heavy neutrino mass is larger than M W the neutrino decays immediately, and most probably into a charged lepton and two jets as shown in the figure. But for masses in the regime of about 5 GeV up to M W the neutrino will travel some distance before decaying which leads to a displaced vertex of leptons [54] . Thus, for neutrinos in this mass range we expect the signal to be a prompt charged lepton and a displaced leptonic vertex. Another kinematic observable is the angle between the produced charged leptons. For small neutrino masses (100 GeV) the charged lepton tracks are most likely to be parallel, while for large masses (800 GeV) a back-to-back emission is expected [55] .
The event topology contributing to the ( ± ± + 4j) final state is displayed in Figure 3 6 ). Similar contributions can arise through the decay pp → H → φ 2 → ± ± + 4j taking into account the natural mixing of the scalar φ 2 with the SM Higgs boson which is required by the Radiative Spontaneous Symmetry Breaking. Note that since both processes have an s-channel mediator exchange there are two resonances expected in the total invariant mass of these final states corresponding to the Z and the φ 2 scalar boson. Now let us investigate the ( ± ± + 2j) signal in the context of the CISS framework with large LNV contribution coming from heavy Majorana neutrinos. In this framework sizable light-heavy neutrino mixing is natural and sufficiently large to probe LNV at the LHC, while the active neutrinos still have sub-eV masses consistent with oscillation data. The cross section for the ( ± ± + 2j) signal can be calculated from
For a significant dilepton signal one generally requires large light-heavy mixing and heavy neutrino masses in the order of 10 − 100 GeV. Within the present scenario, the branching ratio for the heavy neutrino decay is given by
with Br(W → jj) = 0.674 [56] . The total decay width of the heavy neutrinos Γ tot N is given by the sum of the following contributions and the forth the expected events in the planned LHC run with an anticipated luminosity of L = 100 fb −1 .
where we denote by M N the mass of a heavy neutrino. The number of events expected in the dilepton channel is finally obtained from
where L denotes the luminosity. In Table 4 we show the results for the expected numbers of events from Eq. (24) for two different pairs of values of M N and σ (pp → N ± ) and a lightheavy mixing of |V N | 2 = 10 −4 , where we have used the luminosity of the current and the planned LHC run [57] . 3 We see that in the case of a 500 GeV neutrino our model is consistent with the current measurements at the LHC, which do not observe any significant deviations from the SM. Furthermore, with about 100 events expected at a luminosity of L = 100 fb −1 the signal could be unambiguously probed in the next LHC run.
Conclusion
We have presented a novel possibility of large lepton number violation within the context of the recently explored conformal inverse seesaw mechanism. We have extended the Standard Model by additional neutrino species with a lepton number violating Majorana mass term for right-handed neutrinos as the heaviest mass scale. In the conformal framework we have introduced new scalar fields and a new gauge group that we have identified with B − L. The Radiative Spontaneous Symmetry Breaking has led to a hierarchy in the structure of the vacuum expectation values and the emergence of the Electro-Weak scale. We have shown that the particle spectrum of the model features active neutrinos with sub-eV scale masses in agreement with current mass limits, a keV neutrino state as a Dark Matter candidate as well 3 Note that the values for σ (pp → N ± ) used here are by a factor of 10 smaller than the ones from [58] corresponding to our smaller mixing. Note as well that here we have adopted the labelling of the mixing V N of the authors of [58] , which is in our notation (cf. Eq. (10)).
as heavy neutrino states in the few GeV to hundreds of GeV range. We have demonstrated that in the model it is natural to have large mixing between the light and heavy neutrino states of the order of 10 −2 . We also have discussed the phenomenological consequences of the large lepton number violation in our model in the context of neutrinoless double beta decay (0νββ) and the characteristic same-sign dilepton signals at the Large Hadron Collider (LHC). We have shown that the new contributions of the heavy neutrinos to 0νββ can saturate the limits for the halflife in future experiment leading to a detectable signal. For the collider signatures we have estimated the expected number of events in the same-sign dilepton channel plus two jets and no missing energy. We have found that the sizable light-heavy mixing in our model can lead to a visible excess in the next LHC run. We have discussed the possibility to distinguish different mass ranges of the heavy neutrinos by analysing the kinematics of the collision products. We have commented on the same-sign dilepton channel with four jets and no missing energy mediated by the Z boson associated with the B − L gauge group or the mixing of the Standard Model Higgs with the new scalars as additional tests of the model at colliders. It is important to mention that, given the sizable light-heavy neutrino mixing, 0νββ experiments and colliders probe similar mass ranges for the heavy Majorana states. However, the couplings which are involved in the processes are different in their flavour composition and so both experiments turn out to be highly complementary.
